Background-Ischemia during laboratory mental stress tests has been linked to significantly higher rates of adverse cardiac events. Previous studies have not been designed to detect differences in mortality rates. Methods and Results-To determine whether mental stress-induced ischemia predicts death, we evaluated 196 patients from the Psychophysiological Investigations of Myocardial Ischemia (PIMI) study who had documented coronary artery disease and exercise-induced ischemia. Participants underwent bicycle exercise and psychological stress testing with radionuclide imaging. Cardiac function data and psychological test results were collected. Vital status was ascertained by telephone and by querying Social Security records 3.5Ϯ0.4 years and 5.2Ϯ0.4 years later. Of the 17 participants who had died, new or worsened wall motion abnormalities during the speech test were present in 40% compared with 19% of survivors (Pϭ0.04) and significantly predicted death (rate ratioϭ3.0; 95% CI, 1.04 to 8.36; Pϭ0.04). Ejection fraction changes during the speech test were similar in patients who died and in survivors (Pϭ0.9) and did not predict death even after adjusting for resting ejection fraction (Pϭ0.63), which was similar in both groups (mean, 56.4 versus 59.7; Pϭ0.24). Other indicators of ischemia during the speech test (ST-segment depression, chest pain) did not predict death, nor did psychological traits, hemodynamic responses to the speech test, or markers of the presence and severity of ischemia during daily life and exercise. Conclusions-In patients with coronary artery disease and exercise-induced ischemia, the presence of mental stressinduced ischemia predicts subsequent death.
pidemiological research has shown that mental stress is associated with adverse events in patients with coronary artery disease. [1] [2] [3] States of chronic mental stress characterized by depression, lack of social support, or hostility also are tied to an increased event rate in this population. 4 -7 Studies have shown that mental stress induced in the laboratory triggers ischemia in 40% to 70% of stable coronary patients who have positive exercise tests. 8 -10 Other investigations have shown that the development of ischemia in response to mental stress in the laboratory is independently associated with significantly higher rates of fatal and nonfatal cardiac events and predicts events over and above exercise-induced ischemia. [11] [12] [13] However, these studies have used composite outcomes and have not been powered to detect differences in mortality rates. Composite outcomes have included recurrent myocardial infarction, need for angioplasty or bypass surgery, and hospitalization for unstable angina, in addition to death. The Psychophysiological Investigations of Myocardial Ischemia (PIMI) study was designed to investigate psychological characteristics influencing the manifestations and expression of myocardial ischemia in patients with coronary artery disease. We examined the data collected to determine whether mental stress-induced ischemia predicts an increased risk of death.
Methods
The PIMI protocol has been described in detail elsewhere by Kaufmann et al 14 ; essential features are summarized below. The institutional review board at each participating institution approved the PIMI protocol and informed-consent procedures.
At 4 participating PIMI sites, we studied 196 patients with coronary artery disease (170 men and 26 women) who met eligibility criteria, including the following: Ͼ50% narrowing in at least 1 major coronary artery or verified myocardial infarction, evidence of myocardial ischemia (ST-segment depression Ն0.1 mV on an exercise treadmill test conducted off anti-ischemic medications), and informed consent to participate. Patients were excluded if they had a serious noncardiac illness, unstable angina, or neurological disease; the inability to discontinue medications that might influence cardiac function; or if they had previously undergone PTCA or thoracic surgery. Eligibility was established during a qualifying visit, at which time a standard exercise treadmill test was administered. After no more than 3 months, mental and exercise stress tests were conducted in the morning, after fasting, on 2 separate days occurring within 2 weeks. Cardiac function data, psychological tests, and serum samples were collected at specified times before, during, or after stress tests.
Two different physical stress tests were administered during the study: a standard exercise treadmill test at the qualifying visit and, at a later visit, a maximal bicycle exercise tolerance test with radionuclide imaging. The sequence was designed to minimize distractions and discomfort from extraneous procedures that might influence the results of neuroendocrine assays or other measures. The patient received a light breakfast and completed the Beck Depression Inventory 15 and the Spielberger State Anxiety Scale. 16 After a 30-minute rest period, blood was drawn for determination of resting levels of epinephrine and norepinephrine and for other assays. Baseline radionuclide images were then obtained, after which the bicycle exercise test was performed with workload increasing in 3-minute stages and images recorded during the last 2 minutes of each stage. Radionuclide images were read in a central laboratory with semiautomated assessment of ejection fraction and qualitative assessment of wall motion changes by experienced raters blinded to experimental condition. ECGs and ambulatory ECGs recorded during stress tests also were read at central laboratories.
The psychological stress day was designed to follow a pattern similar to that of the physical stress day, except that two 5-minute mental stress tests (Stroop and speech) were substituted for the bicycle exercise test. The sequence of the 2 stress tests was randomly determined and instructions were provided from a standard script read by staff. The results provided in this article relating to psychological stress testing were based on the speech stressor because this proved to be the more potent stimulus for myocardial ischemia. 17 For the speech task, patients were asked to speak for 5 minutes on an assigned topic while being observed and critically evaluated by laboratory staff. The topic required role-playing relating to a difficult scenario in which a close relative was being mistreated in a nursing home.
Follow-Up Methods
The initial design of the PIMI study did not include follow-up to ascertain cardiac events. Several years after the baseline PIMI studies concluded (range, 2.6 to 4.3 years), in a test of the feasibility of ascertaining events, we contacted 178 of 196 patients or relatives by telephone to determine study participants' vital status. During the interview, verbal consent was obtained for participation in the follow-up study. Consenting patients were sent a written informed consent form to sign and return. If the patient had died, the date of death was obtained from their family members. Several years later (range, 4.3 to 6.0 years after the baseline study), Social Security death records were queried for all 196 patients originally enrolled to identify additional fatalities as of December 31, 1998 (average follow-up for death, 5.2Ϯ0.4 years).
Statistical Methods
Characteristics of patients with and without wall motion abnormalities during the speech test were compared by means of 2 tests for categorical data and Wilcoxon rank tests for continuous data. The Cox proportional hazards model 18 was used to test the association of death with patient characteristics and stress test results. The KaplanMeier method 19 was used to estimate the distribution of time to death in patients with and without wall motion abnormalities during the speech test. Because of the limited number of reported deaths (nϭ17), extensive multivariate modeling of survival could not be performed. Instead, the association between death and presence of speech wall motion abnormalities was examined, controlling for one potential confounding variable at a time, with the use of the Cox model. Because the numbers of patients with data available varied from test to test as the result of technical problems or patient nonresponse, numbers (n) in individual tables vary slightly, depending on the measures reported. For each analysis relating a baseline variable or set of variables to death, all patients with data available for the particular measures considered were used.
Results
Wall motion abnormalities were observed during the speech test in 37 (20%) of 182 patients for whom this outcome was ascertained. Compared with patients who had normal wall motion responses during the speech test, patients with wall motion abnormalities were more often female (24% versus 12%, Pϭ0.05) and more often had a history of diabetes (27% versus 12%, Pϭ0.03) but did not differ in other clinical or psychological characteristics or in ischemic responses to exercise or daily life (Table 1) . Patients with wall motion abnormalities during the speech test had higher mortality rates (rate ratioϭ2.79; 95% CI, 1.00 to 7.85; Pϭ0.04) during follow-up than did patients without such abnormalities (Table 2 and Figure) . Other indicators of ischemia during the speech test (ejection fraction response, ST-segment depression) did not predict death. No significant association was observed between death and hemodynamic or catecholamine responses to the speech test. No association was observed between mortality rates among PIMI patients and psychological characteristics (depression, anxiety, or anger) that have been reported to predict cardiac events ( Table 3) . Markers of the presence and severity of ischemia during daily life and exercise stress testing were not significantly associated with death ( Table 4 ). As noted above, wall motion abnormalities were associated with a history of diabetes, but even in nondiabetics, wall motion abnormalities remained associated with death (rate ratioϭ3.7; 95% CIϭ1.2 to 11.8; Pϭ0.02).
Of the 17 deaths noted, all were in men; none of the 26 women enrolled died (Pϭ0.08). Deaths were slightly more common among patients with a history of myocardial infarction, hypertension, or diabetes, but the differences in mortality rates compared with patients without these conditions were not statistically significant (data not shown).
In Table 5 , the association between death and presence of new or worsened wall motion abnormality during the speech test is examined with and without adjusting for history of myocardial infarction, hypertension, or diabetes; duration of treadmill exercise; and resting ejection fraction (average of preexercise and premental stress baseline measures). Because of the limited number of deaths, only one of these risk factors at a time was used to adjust the estimated mortality rate ratio for presence of speech wall motion abnormalities. Adjustment for these characteristics had little effect on the estimated association between death and speech-induced wall motion abnormalities. Adjustment for history of myocardial infarction had the largest effect on the rate ratio, reducing it from 2.79 (95% CI, 1.00 to 7.85; Pϭ0.04) unadjusted to 2.59 (95% CI, 0.92 to 7.33; Pϭ0.07) adjusted.
Discussion
The major finding of this study is that mental stress-induced ischemia, as detected by new or worsened wall motion abnormality during a laboratory-induced psychological stressor, is associated with close to a 3-fold relative increase in mortality rate in patients with coronary artery disease and exercise-induced ischemia when controlling for resting ventricular function. This finding is in agreement with previous work published by Jain et al, 11 Jiang et al, 12 and Krantz et al 13 showing a Ͼ2-fold risk of subsequent cardiac events in patients with mental stress-induced ischemia in the laboratory. The previous studies, however, were not powered to detect differences in mortality rates.
It is also noteworthy that other demographic and clinical variables did not distinguish patients who died from those who survived. These included psychological variables, exercise test variables, and hemodynamic changes during exercise Total mortality in patients with mental stress-induced ischemia vs those without ischemia.
and psychological stress. Thus, the predictive value of mental stress testing for subsequent cardiac death cannot be attributed to differences in standard risk factors or hemodynamic changes during the stressor. Similarly, there was no difference in the cumulative duration of ischemia during ambulatory ECG monitoring in those who died versus those who lived. PIMI participants were selected to be clinically stable and to have ECG evidence of ischemia on a treadmill test, which may account for the lack of power of other exercise testing outcomes to predict death. This suggests that mental stress testing may provide added prognostic information beyond that given by a standard exercise test and is consistent with previous data. 20 Because patients who died were not identified by differences in exercise response or ambulatory ischemic responses, mental stress-induced ischemia most likely conveyed high risk because of one of several other possible mechanisms. Mental stress elevates systolic blood pressure to a degree similar to that produced during exercise. However, the rate-pressure product achieved during mental stress testing is usually less than that achieved during maximal exercise testing because heart rate increases are generally less with mental stress than with exercise. 20 Mental stress also usually produces higher epinephrine responses than exercise does, 17, 21 and the change in blood pressure occurs more rapidly, which may predispose to plaque rupture in certain situations. Previous studies have shown that large blood pressure responses to mental stress predict subsequent adverse cardiovascular events among coronary patients. 22, 23 Our data did not support a difference in blood pressure response as being predictive of subsequent cardiac events or death. The lack of a relation between hemodynamic responses during mental stress or exercise hemodynamic or ischemic responses and subsequent cardiac outcome also was found by Jiang et al. 12 However, previous work published by our group has shown a good correlation between increased systemic vascular resistance and mental stress-induced myocardial ischemia. 17 It has been shown previously that mental stress also may reduce myocardial oxygen supply. 24 At present, it is unknown whether increases in coronary vascular resistance, either involving epicardial vessels or smaller vessels in the coronary microcirculation, correlate with changes in systemic vascular resistance. 25, 26 If so, this association could account for the effects of mental stress on myocardial oxygen supply.
Our conclusions are limited by several considerations. There were relatively few deaths, and none occurred in the 26 women in this study despite the higher prevalence of mental stress-induced ischemia in women versus men. Thus, the results reported here understate the increased risk of death in 
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men with mental stress-induced ischemia versus those without, and we could not test whether these findings apply to women as well as men. In addition, because the study was not prospectively designed as a follow-up study, we did not collect complete data on nonfatal events and therefore cannot know whether mental stress-induced ischemia also predicts nonfatal cardiovascular events. Moreover, we did not have resources to classify deaths as to cause, so we analyzed associations with total mortality rather than cardiac death. If mental stress ischemia is associated with cardiac but not noncardiac death, as seems reasonable to speculate, this association will be stronger than is shown in our data. The inability of exercise parameters to predict death or events probably is related to the low-risk characteristics of the population 14 and restriction of range due to the requirement of a positive exercise test for entry to the study. In summary, in our study, patients who had ischemia during mental stress had an increased mortality rate compared with those who did not, although the mechanism by which mental stress response increases risk of death is still unclear. Future research should focus on reproducing this finding in other populations, elucidating the mechanisms of mental stress-induced ischemia, and searching for an inexpensive surrogate for myocardial imaging, which would make mental stress testing more attractive for routine clinical use. In addition, a better understanding of the mechanisms responsible for mental stress-induced ischemia could lead to therapeutic interventions to modify these responses. 
